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Abstract: International Ocean Discovery Program Sites U1437 and U1436, two 
intermediate water depth sites located near the Kuroshio Current were studied for 
planktonic proxies, shell weights, percent fragments, foraminifers concentrations, 
and benthic/planktonic ratios. Over the last 1 My, the foraminifers assemblages 
responded to local temperature changes. The taphonomy of these assemblages 
limits their usefulness as palaeoclimatic records but greatly inform qualitatively of 
intermediate water mass changes on each side of the Izu Rise. Carbonate dissolu-
tion (CD) is pervasive and always more intense during interglacials at the shallowest 
Site U1436 to the East. Carbonate preservation improved during glacials after 0.6 Ma 
at U1437B (West) likely signaling changes within the glacial Antarctic Intermediate 
Water and therefore, its source water the Glacial North Atlantic Intermediate Water 
from Marine Isotope Stage 16. The first occurrence of a very large Laurentide ice-
sheet at the time is proposed as a potential indirect cause for this observation. Both 
the intensification of carbonate dissolution during each interglacials from MIS17 
onwards and the better preservation during succeeding glacials after that are at-
tributed to the increasing influence of the North Atlantic Deep Water and the Glacial 
North Atlantic Intermediate Water via the Antarctic Intermediate Water during 
Interglacial and Glacial intervals, respectively.
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1. Introduction
Because of its relatively fresh surface waters, the North Pacific Ocean unlike the North Atlantic is not 
the site of deep-convection that could lead to the formation of a North Pacific deep-water mass. Not 
at the source of any deep-circulation and sited at the “end of the line” of the global ocean circula-
tion, the North Pacific contains the oldest and the least ventilated (i.e. very high total CO2, high nu-
trients; P, N, Si, and very low O2) water on Earth. In contrast, the North Pacific Intermediate Water 
Mass (NPIW; Talley, 1993) is formed via mixing of the salty subtropical Kuroshio and the fresher 
Oyashio currents waters in the mixed water area (Talley et al., 1995). This water mass is clearly vis-
ible on the World Ocean Circulation Experiment section profiles (Talley, 2007), particularly through 
the low salinity and low O2 concentrations centered above 1,500 meters water depth along the sec-
tions in this area. Such style of circulation makes the Pacific Ocean a hostile environment for calcium 
carbonate preservation. It has long been observed that the North Pacific lysocline (i.e. the depth at 
which the carbonate content decreases dramatically in deep-sea sediments) is the shallowest on 
Earth (Arhenius, 1953) and that carbonate dissolution there is very intense during interglacial inter-
vals (Farrell & Prell, 1989). The later contrasts with the Atlantic Ocean where sediments are better 
preserved during interglacial intervals. This observation gives way to the notion of contrasted car-
bonate preservation styles between oceanic basins at glacial–interglacial timescales. Current, hy-
potheses about intensity changes in the formation of NPIW during glacial/interglacial stages point 
to intensified glacial production whilst the North Atlantic Deep Water (NADW) production is re-inten-
sified during the deglaciation (Galbraith et al., 2007). The Pacific Ocean experiences cyclic changes 
in the preservation of deep-sea carbonate or “CaCO3 cycles”, which simply means that its water was 
less acidic during glacials and accumulated more CaCO3 at greater depths than during interglacials 
(Arhenius, 1953; Farrell & Prell, 1989; Le & Shackleton, 1992).
The general understanding of the driver behind the observed Pacific vs. Atlantic carbonate cycles 
pattern (i.e. in the Atlantic deep-sea carbonate are better preserved during Interglacials) is pre-
sented by Hodell, Charles, and Sierro (2001) but is mostly concerned with the deepest branch of the 
deep global circulation, swinging between Antarctic Bottom Water (AABW) and Lower North Atlantic 
Deep Water (LNADW) in the deepest part of the South Atlantic and does not examine the Pacific 
Ocean.
During IODP Expedition 350 two sites, U1436 and U1437 were cored in the Western Pacific Ocean 
and the Philippine Sea, respectively. Both are within the influence Kuroshio Current, at the intermedi-
ate water depth of 1,717 and 2,117 m, respectively (Figure 1). U1437B drilled with primary objectives 
“the rear-arc evolution” (Tamura et al., 2015) is a 1,800 m long section consisting mostly of mud and 
mud with ash and tuffs. The sedimentary body is under the influence of the Antarctic Intermediate 
Water (AAIW), which circulates in the Shikhoku Basin and the Kuroshio Current at the surface. The 
section especially, the upper 1 My (Kars et al., 2017; Tamura et al., 2015) can therefore be used to 
reconstruct a record of the fluctuating influences of the warm Kuroshio (KC) vs. that of the cold 
Oyashio (OC) surface currents using quantitative study of the planktonic foraminifers or other geo-
chemical methods. Crucially, the micropalaeontological data can also be used to approach qualita-
tive changes within intermediate depth water masses through time with respect to carbonate 
saturation. U1436C was cored as a short (150 m) geotechnical hole. The site yields a complete re-
cord of Late Pleistocene fore-arc sedimentation influenced by frontal arc explosive volcanism 
(Tamura et al., 2015; Vautravers et al., 2016) and provides an opportunity to investigate the history 
of Late Pleistocene volcanism near the volcanic island of Aogashima. However, regarding intermedi-
ate water the shallowest U1436C on the East Site of the arc is more influenced by the NPIW than by 
the AAIW. This study aims to provides an evaluation of the changes affecting the Pacific Ocean in-
termediate deep-water masses and their effect on the record of calcium carbonate preservation, 
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which is a first for two sites such as U1436 and U1437 also informing on the Quaternary climatic 
evolution because of the tight coupling between the changes in the lysocline depth and the atmos-
pheric CO2 concentrations (Zeebe & Marchitto, 2010). This situation arises from the scarcity of ex-
panded sections in the Pacific Ocean where sedimentation rates are usually low because of either 
the distance from detrital sources, the intense biogenic carbonate dissolution or the combination of 
both. The present study documents the last 1 My on the basis of isotopic data and stratigraphy (Kars 
et al., 2017; Schindlbeck et al., 2018; Vautravers et al., 2016) also covering the Mid-Pleistocene 
Transition (MPT, c. 1–0.6 Ma) when the rhythm of global climatic cycles changed from mostly 40 Kyrs 
cycle to mostly 100 Kyrs cycles. Large palaeoenvironmental changes occurred in the Atlantic Ocean 
around this time and were recorded at the surface and in the deep water (Hodell, Channell, Curtis, 
Romero, & Röhl, 2008). Poirier and Billups (2014) examining the changing influences in deep North 
and deep South waters via the changes in δ13C over the MPT and attributed the changes (i.e. increas-
ing δ13C) on cooling in sub-polar surface water in the North Atlantic ocean from MIS17 onwards lead-
ing to a larger production of NADW. The potential for similar and co-existing changes in the western, 
subtropical North Pacific Ocean have not been sufficiently explored despite the major role generally 
attributed to Western surface boundary currents. Such surface current contributes to moisture and 
heat transfers towards the pole, where via moisture supply they affect the climate in sub-polar lati-
tudes, helping ice-sheet nucleation and growth during glacial inceptions (Driscoll & Haug, 1998) and 
North Pacific Western Boundary current circulation changes could have resulted in intermediate 
depth circulation changes.
2. Regional settings
2.1. Surface currents
The subtropical NW Pacific Ocean circulation in the area studies is mostly governed by the occur-
rence of the eastward-flowing Kuroshio Current. Regional physical oceanography (Qui, 2001) shows 
that the KC path South of Japan is bimodal with its larger meander moving southward in relation to 
decreasing transport during ENSO events (He & White, 1987; White & McCreary, 1976). Therefore, 
both the warm Western Pacific pool via the KC or cooling in the polar and sub-polar parts of the 
North Pacific Ocean via the Oyashio current can affect the sites.
2.2. Intermediates water masses
Investigating the formation and circulation of the NPIW, Talley (1993) identified in the area of mix-
ing between the cold sub-polar Oyashio current and the warm but fresh water from the Tsushima 
Current water exiting the Japan Sea as the source of the NPIW following winter cooling and sinking. 
Mid-Western Pacific transect WOCE P14 (Talley, 2007) shows based on oxygen concentration that 
this water mass is centered at ~1,500 meters water depth and extends to latitudes as South as 10°S. 
NPIW does not mix with the other low salinity intermediate water (AAIW) traveling North at a similar 
Figure 1. Location.
Notes: Map of the North Pacific 
Ocean with locations of Exp350 
sites: U1436C and U1437B (red 
dots).  
Source: Tamura et al. (2015).
  N
U1436
U1437
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water depth. Before reaching northwards in all oceans, the AAIW forms around Antarctica from the 
upwelled water originating in the North Atlantic Ocean (i.e. the NADW) and traveling at great depth 
(>3,000 m) before resurfacing under the influence of the strong Westerlies around Antarctica (Orsi, 
Whitworth, & Worth, 1995). Therefore, the formation of AAIW results directly from the conversion of 
a deep-water mass (NADW) into an intermediate water mass (AAIW) carrying some of the pre-
formed properties. Such a conversion has operated at various intensities in the past (Pahnke & Zahn, 
2005). The striking difference between the NPIW and the AAIW is that the AAIW carries into the 
Pacific preformed properties acquired in the North Atlantic as a young ventilated water mass with 
low nutrients, high oxygen contents and high δ13C, whereas the NPIW forms locally in the North 
Pacific as an “end of the line” water mass incorporating low oxygen, high nutrients, high respired CO2 
contents and low δ13C due to the accumulating effect of the organic matter remineralization. The 
North Pacific Ocean (i.e. NPIW) acts as a Carbon trap, removing it from the atmosphere and storing 
it into the dissolved pool especially when global circulation is reduced. Some of this carbon is then 
released into the atmosphere during glacial termination at the time of re-invigoration of global cir-
culation (Galbraith et al., 2007).
3. Background for sites U1436 and U1437
U1437B (31°47.39′N and 139°01.57′E; 2,117 meters water depth) West of the Izu rise, which creates 
a hydrographic divide at intermediate depth (Talley, 2007). U1436C (32°23.87′N and 140°21.92′E; 
1,774 meters water depth) sits on the East side of the rise at the front of the arc (Figure 1, adapted 
from the transit map of Exp IODP 350 in 2014, Tamura et al., 2015).
The material at U1437 accumulates in a small basin with high sedimentation rates between two 
volcanic chains. U1436 has accumulated less pelagic sediments than U1437 and more volcaniclastic 
ones because of its proximity to an active submarine volcano (Tamura et al., 2015). Despite being 
both in the Izu-Bonin area their volcanologic history affects the sedimentation rates in contrasted 
manners. U1436 receives copious ashes from nearby Aogashima Caldera, whereas U1437 more dis-
tal tends to receive only the finest volcaniclastics from distant volcanoes dispersed by winds.
4. Material and methods
4.1. Sampling strategy
Samples from Hole U1437B span cores 1H through 18F (0–122 mbsf). The 205 samples covering the 
last 1 My are spaced at an average of 0.4 m based on biostratigraphy (Tamura et al., 2015) and con-
firmed by stable isotopes (Kars et al., 2017; Schindlbeck et al., 2018). Similarly for Hole U1436C, 195 
samples spanning cores 1H through 18F (0–70) mbsf are included, (Vautravers et al., 2016) the sam-
ples cover the last 0.9 My. Both sites are studied at a variable but similar time resolution between a 
few thousands to a few 10 kyrs.
4.2. Sample preparation
Coarse fractions preparation used a standard wet-sieving with deionized water over a 63 micron 
meters mesh (e.g. Vautravers, Shackleton, Lopez-Martinez, & Grimalt, 2004). Initial size of bulk sam-
ples varied from ~1 to ~5 cm3 for U1437B and were ~10 cm3 for U1436C where larger samples were 
used because of the expected higher dilution by volcaniclastics. Because samples preparation on 
board Joides Resolution does not involve drying of the bulk sediment nor the settling of the fine frac-
tion, when calculating the concentration per weight from the core catcher samples (i.e. treated dur-
ing the cruise), the weight of <63 µm fraction had to be extrapolated from adjacent samples.
Studying the micropalaeontological content used a standard method (e.g. Vautravers et al., 2004) 
where most samples were sub-sampled using a micro-splitter followed by a dry-sieving step over a 
150 µm sieve. The aim is for each sub-sample to contain c. 300 biogenic particles. However, at U1436 
either due to very intense carbonate dissolution or dilution, this was impossible for some samples. 
Each subsample was spread on a gridded tray for identification of the planktonic foraminifers follow-
ing the taxonomy of Kennett and Srinivasan (1983). All but non-biogenic particles (i.e. mostly 
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volcaniclastic particles) were counted. The biogenic particles categories are: (1) Individual plank-
tonic foraminifer specimen per species (whole shell). (2) Planktonic foraminifer fragments (one frag-
ment being less than half of a shell). (3). All benthic foraminifers were grouped together including 
rare broken ones. Each sub-sample was placed into a micropalaeontological slide for reference and 
imaging.
Stable isotopes analyses were performed on the shallow dwelling (<50 m water depth) and chlo-
rophyll maximum feeder species Neogloboquadrina dutertrei, which is common to abundant in the 
sediments (Tamura et al., 2015) from 20 hand-picked specimens in the 250–300 µm size fraction. 
These samples were also used for the shell weights. Data and resulting stratigraphy are presented 
Schindlbeck et al. (2018) for U1437B and Vautravers et al. (2016) for U1436C.
4.3. Individual N. dutertrei 250–300 µm shell weight (SW)
Shell weights (SW) were obtained by dividing the weight of N. dutertrei obtained on a high-precision 
scale (1 µg precision) in each of the sample picked for isotopic analyses by the number of shells. 
Within a relative narrow size range, SW provides reliable estimates of the amount of calcite per test. 
SW is an indicator of a combination of parameters, such as the calcification by the living foraminifer 
and the degree of dissolution after its death (Broecker & Clark, 2001).
4.4. Planktonic foraminifer (PF) assemblages
The study examined the fluctuations of five groups of species (polar–sub-polar, transitional, sub-
tropical, tropical susceptible, and tropical resistant) expressed in percent of the total of whole plank-
tonic shells counted. These groups were recognized by Thompson (1981) in the Northwest Pacific 
using a factor analysis method. Such faunal groups allow one species to belong to several factors. In 
some cases, these groups were slightly modified based on observations acquired in similar oceanic 
environments (i.e. in the Gulf Stream area) (Vautravers et al., 2004). Each group pertains to the pal-
aeoceanographic goals as well as the reconstruction of the history of calcium carbonate preserva-
tion since two groups the tropical-susceptible and the tropical-resistant assemblages are recognized 
as opposite indicators on the carbonate preservation spectrum.
The polar/sub-polar group identifies the coldest intervals and traces the cold Oyashio current in-
trusions within the subtropical area during glacial intervals. Some other species (e.g. Globoratalia 
menardii and Pulleniatina obliquiloculata) are associated with strong western boundary currents (Bé, 
1977; i.e. the Gulf-Stream and the Kuroshio) but are also tropical species part of the solution-resist-
ant factor (Thompson, 1981).
Out of the 216 samples at U1436C, 15 contained less than 10 whole specimens and were excluded 
from the faunal associations study. However, they are part of the data-set investigating CD changes 
to not rule out that extreme low PF abundance results from dissolution. All samples from Hole 
U1437B were included in both parts of the study.
4.5. Carbonate dissolution proxies in the > 150 µm size fraction
The percent of planktonic foraminifer fragments (Pf) is a common proxy for dissolution is calculated 
following Howard and Prell (1994). The assumption being that tests become fragile before breaking 
and that the rate of breakage increases with dissolution.
The individual shell weight (SW) of N. dutertrei is used to confirm the CaCO3 preservation status of 
the samples. Whilst Pf is often limited to later stages of dissolution (i.e. resulting in fragmentation) 
SW too has limitations but is an accepted proxy of CD (Broecker & Clark, 2001) probably more adapt-
ed for earlier stages of dissolution.
The number of whole planktonic foraminifer (nPF) per gram of dry bulk sediment is estimated from 
the counts of whole foraminifers divided by the weight of dry bulk sample. The rational behind this 
proxy is that as CD becomes more intense and then extreme the foraminifer shells break into 
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fragments and nPF in the coarse fraction above 150 µm decreases sharply tending towards and then 
reaching 0.
The ratio of whole benthic foraminifers to whole planktonic foraminifers (B/P) as a proxy of CD 
arises from selective solution of the various foraminifer shells. The rational implied behind this proxy 
is very similar to the progressive process leading to an over representation of the solution-resistant 
species amongst planktonic foraminifers. Such ratio is more valuable to estimate changes at one 
site rather than between sites because of differing local controls (i.e. productivity of the surface 
waters or water depth). Indeed, B/P can also be used to estimate productivity changes (Berger & 
Diester-Hass, 1988) especially at shallower depths.
The planktonic foraminifer simple species richness (SR) is the total number of PF morphospecies 
present in one sample, regardless of their abundances. In the course of increasing carbonate dis-
solution, the most sensitive PF species (Berger, 1968) are progressively removed and the percent-
ages of solution-resistant species increase. It is therefore based on selective dissolution of the 
species. SR does not take into account each individual species abundances (but only their presence). 
Therefore, it is more appropriate in situations with extreme dissolution when all specimens from 
several sensitive species disappear. Outside this remit (i) SR decreases with temperature but with a 
lesser impact in the warm areas, where the number of species fluctuates less between glacial and 
interglacial. A modern subtropical/tropical assemblage at c. 30°N should have the highest SR, c. 23 
species (Bé, 1977). Any sample with significantly lower SR demands an explanation either climatic 
(i.e. cold) or taphonomic.
5. Results
5.1. Planktonic foraminifers assemblages: Figure 2
The group “polar and subpolar” defined by Thompson (1981) contains Neogloboquadrina pachyder-
ma (sinistral) and (dextral), Globigerina bulloides to which Turborotalita quinqueloba and Globigerinita 
uvula are added (Figure 2(b)). At U1436C, the group varies between 0 and 60%. High values all found 
during glacials, MIS18 (28%), MIS12 (26%), MIS10 (38%), and MIS8 (23%). Apart from MIS9, which 
appears to be a very cold interglacial (36%) there is a tendency for interglacials prior to MIS17 to 
Figure 2. Faunal fluctuations. 
(a) δ18O reference stack of 
Lisiecki and Raymo (2005), 
with interglacial intervals 
Marine Isotopic Stages (MIS) 
highlighted by pink bars and 
numbered from 1 to 25 (MIS 
were omitted for clarity); (b) 
Percentages of polar and sub-
polar planktonic foraminifers 
species on a reversed scale; 
(c) Percentages of transitional 
planktonic foraminifers 
species on a reversed 
scale; (d) Percentages of 
subtropical group of planktonic 
foraminifers species.
Notes: On panels b, c & d, 
the values for site 1436C are 
figured with dark colors and 
1437B with light ones.
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have higher values. MIS13 seems to be the longest, warmest interglacial if only based on this as-
semblage. Over the last 1 Ma, the observed range between averages is less than 3% between inter-
glacials and glacials (20.5–23.3%) highlighting that the long-term changes are only subtle. At 
U1437B, the values range between 2 and 45%. Again, the longest and warmest interval is MIS13 
(average of 13%). Although, temporal resolution is limited, earlier interglacial and glacial intervals 
(>700 ka) are, respectively, cooler and warmer than the later ones. MIS8 (33%) is the coldest glacial. 
The percentages observed for this group at U1436C contrast significantly with those are U1437B due 
to interglacials at U1436C being cooler and glacials warmer, respectively.
The transitional assemblage (Thompson, 1981) is dominated by Globortalia inflata, Globorotalia 
truncatulinoides, Globorotalia crassaformis, N. pachyderma (d), and G. bulloides. Orbulina universa 
was also added to the group (Figure 2(c)). At U1436C, the amplitude of variability is extreme (2–
91%). This factor is the dominant one, averaging 51%. Values are much higher during glacials than 
interglacials and there is no significant trend observed along the record. Despite the tendency for 
higher values during interglacials (e.g. MIS21, 62%; MIS11 and 9, 59%) some isolated high values 
occur during glacials (e.g. MIS16 or MIS3). At U1437B, the factor dominates with a lower average 
(46%) its range is also smaller (9–77%). Similarly to U1436C, the highest average is found for MIS21 
(59%). Most glacials values are c. 46 to 50%.
The subtropical factor (Thompson, 1981) is composed of two species; Globigerinita glutinata and 
Globigerina falconensis. The latter is added because it fluctuates similarly to G. glutinata and is re-
ported elsewhere as part of subtropical assemblages (Bé, 1977). At U1436C, the group fluctuates 
between 0 and 63% (Figure 2(d)). However, it is the least represented group with only 15% on aver-
age over the last 0.9 My. The values for this group tend to be higher during glacial intervals, although 
there are isolated higher values during interglacials. Averages are 16% for interglacials and 20 for 
glacials. Higher values tend to be observed prior to 0.65 Ma. At U1437B, the range for the subtropical 
group is less than at U1436C (0–42%). The average over the whole data-set is 17%. Interglacial and 
glacial values are very similar. Higher values at U1437B are observed prior to 0.65 Ma, at this site the 
maximum is also lower (<40%).
5.2. Faunal-based proxies of carbonate dissolution: Figure 3
The tropical susceptible factor (Figure 3(b)) includes Globigerinoides ruber (white and pink), 
Globigerinoides sacculifer (with and without sac chamber) Globigerinella aequilateralis, Globigerinella 
calida, and Globigerinita glutinata, (Thompson, 1981), to which the rare Globigerinoides tenellus and 
Globigerina rubescens are added. At U1436C, the group varies between 0 and 68% representing on 
average 24% of total. At U1436C the group is more abundant during glacial stages (max MIS20, 
48%) and often records high values towards the end of glacial stages. At U1437B, the fluctuations 
are similar but the range is less (56%) from 8% to 64%. The range between interglacial and glacial 
averages is also much less (1%). Interglacial average value (27%) is marginally higher than the gla-
cial one (26%).
The tropical-resistant factor (Figure 3(c)) contains species with robust, often compact and thick 
shells: N. dutertrei and P. obliquiloculata and other species from the Globorotalia genus; G. menardii, 
G. tumida, G. flexuosa, G. crassaformis, G. truncatulinoides, and G. hirsuta as well as Sphaeroidinella 
dehiscens, (Thompson, 1981). This group exhibits the largest differences between sites. At U1436C, 
the range of values for the group is very large (0–40%) making it the second group recorded. 
However, the average for the whole data-set is only 19%. The glacials and interglacial averages are 
16 and 20%, respectively. All values >12% are found during interglacials pointing to a strong tapho-
nomic control at U1436C. For U1437B, the average for the whole data-set is only 7%, therefore 
 significantly lower than at U1436C. The range observed from 0 and 22% is also considerably lower. 
All values > 7% are found during interglacials.
Planktonic foraminifers simple Species richness (SR, Figure 3(d)). At U1436C the average is 12 this 
may result from polar/sub-polar assemblage (Bé, 1977) with a lower diversity at the slightly 
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northward site. Seven glacials at U1436C (amongst 10) record values above the local average. 
Therefore, SR increasing rather than decreasing during glacial discounts colder surface water as the 
cause. SR values are generally lower during interglacials where other proxies pointed out the high 
level CD. This indicates that selective CD explains the SR pattern observed. There is also higher SR 
event presents during each glacial termination. At U1437B, the average SR is 16.7, therefore much 
higher than at U1436C. Although, it is possible that U1437B being located slightly south of U1436C 
maybe slightly warmer. The lowest SR recorded is found during interglacial MIS11 (SR = 2) indicating 
a very intense selective dissolution. The glacial–interglacial difference is small (0.4) compared to 1 
for the other site but the pattern observed at U1436C (i.e. SRglacial > SRinterglacial) is confirmed. Over 24 
MIS, 6 are above the average of 16.7; MIS14, 8, 6, and 2 (4 glacials). More diversified assemblages are 
found in younger glacials after 0.6 Ma (i.e. end of MPT). The lowest SR (average 12.2) is observed for 
MIS17. SR averages and ranges are low during MIS11 at both sites as well as MIS17 at U1437B. A 
systematic higher SR event during most glacial terminations shows that there is a marked improve-
ment in preservation at intermediate water depths in the Pacific Ocean. It is particularly obvious 
after MIS14 in the West of the Izu Ridge (1437B) and after MIS11 in the East.
Figure 3. Faunal-based 
carbonate dissolution proxies. 
(a) δ18O reference stack of 
Lisiecki and Raymo (2005) 
with interglacial intervals 
Marine Isotopic Stages 
(MIS) highlighted by pink 
bars and numbered from 1 
to 25 (MIS was omitted for 
clarity); (b) Percentages of 
tropical solution susceptible 
planktonic foraminifers species; 
(c) Percentages of tropical 
solution-resistant planktonic 
foraminifers species. On panels 
b and c, the values for site 
1436C are figured with dark 
colors and 1437B with light 
ones; (d) Species richness 
(1437B light color); (e) Percent 
of Solution-Resistant Species as 
a function of Species Richness 
for each site (empty diamonds 
1437B, filled diamond 1436C), 
averages (red diamonds).
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5.3. Individual shell-based proxies of Carbonate preservation
The percentages of planktonic fragments (Pf) (Figure 4(b)) experience extreme fluctuations at 
U1436C from 3 to 100%. High values are found during interglacials MIS11, 19, 21, 15, and 9 and the 
glacial MIS16. Twelve intervals have values above the overall average (i.e. 50%) and 9 of these are 
interglacials. MIS13 has the highest average. When a glacial has a high %Pf average (e.g. MIS16) the 
following interglacial has an even higher value. For the 21 MIS recorded, there is no exception. Nine 
intervals are <50% and 6 of these are glacials, MIS20, 16, 8, 2, and 6. Glacial values are less variable 
than interglacial. The drop in %Pf after any given interglacial is larger after 0.5 Ma. Also, glacial 
stages tend to record on average much better preservation after MIS11 (0.350 Ma) than prior, with 
two exceptions (MIS22 and MIS18). The average at U1437B (26%) is half that observed at U1436C 
(Figure 4(d)). However, even at 1437B; 11 MIS are above 26% and are more poorly preserved, 9 of 
these are interglacial stages. The interglacials values are within a narrow range c. 31%. The MIS17 
interglacial (c. MPT) is poorly preserved. The “rule” that irrespective of the level recorded in the gla-
cial Pf deteriorates in the succeeding interglacial holds here. Glacial PF assemblages are less frag-
mented during MIS20, 18, 12, 6, and 8. At U1436C, the most fragmented are found during MIS13, 19, 
and 5. Most interglacial experience a wide range of values (Figure 4). Glacial ranges are always lower 
Figure 4. Shell-based carbonate 
dissolution proxies. (a) δ18O 
reference stack of Lisiecki and 
Raymo (2005), with interglacial 
intervals Marine Isotopic 
Stages (MIS) highlighted by 
pink bars and numbered from 
1 to 25 (MIS was omitted 
for clarity); (b) Percents of 
fragments of planktonic 
foraminifers at each Site; (c) 
Individual shell weight for 
N. dutertrei 250–300 µm. On 
panels b and c, the values for 
site 1436C are figured with 
darker colors and 1437B with 
lighter shades; (d) Individual 
shell weight as a function 
of percents of fragments for 
each site (empty diamonds 
1437B, filled diamond 1436C), 
averages (red diamonds).
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than interglacial ones. MIS14 is a glacial with a relative high level of dissolution as recorded by % Pf 
at both sites. MIS17 is one of the interglacials with the highest % Pf at both sites.
N. dutertrei shell weight (SW) (Figure 4(c)) records an average of 13.2 µg at U1436C, the maximal 
values are found during MIS22 (14.7 µg), MIS5 (14.6 µg), and MIS16 (13.8 µg). Eleven marine isotopic 
stages have a SW above 13.2 µg of these, 6 are glacial stages. Similarly the tendency for higher SW 
and lower ranges is confirmed after MIS9 during interglacials. A further indication comes with the 
interglacial SW (14.4 µg) being higher than the glacial one (13.6 µg) at this site whilst the reverse 
(12.9 vs. 13.2 µg) is observed at U1437B. Therefore, there is only a very small difference despite very 
high evidence of dissolution during interglacial at U1436C. At U1437B, the average SW is lower 
(12.9 µg), although the range of values recorded is very similar from 7.4 to 17.1 µg (Figure 4(d)). The 
minimal value is found during interglacial MIS11 (10.9 µg) and fits with high % Pf. However, the SW 
averages are below average from MIS13 onwards. It would appear that SW works better at record-
ing CD changes within the low CD intensity range. The maximal averages are found during the first 
part of the record, MIS20 at U1437B and during MIS22 at U1436C both with a value of 14.7 µg. Also, 
the absolute minimum average at both sites occurred during MIS11, the lightest 10.9 µg at U1437 
and 11.8 µg at U1436C. This points to Site U1436C having experienced selective dissolution amongst 
N. dutertrei shells, which allows the average SW the species to show a minor and counter intuitive 
increase under intense dissolution. This probably arises from selective preservation of slightly larger 
shells picked although being sized between 250 and 300 µm in the more dissolved samples rather 
than more calcified tests.
5.4. Coarse fraction-based dissolution proxies
Whole benthic foraminifers/whole planktonic foraminifers ratio (B/P, Figure 5(b)). U1436C experi-
ences extreme changes of this ratio (0–14). The average ratio is of 0.3 (3 benthic foraminifers’ shells 
amongst 100 foraminifers). High values are found during MIS21, 19, 13, 11, 9, 7, and 5. Eight stages 
amongst 21 are above 0.3 and of these 7 are interglacial intervals. Eighteen samples have a ratio 
over 1, which means that they contain more benthic foraminifers than planktonic one. There seems 
to be no marked change of pattern anywhere along the 0.9 m.a. record. Again high ratio of B/P dur-
ing interglacials traces intense dissolution at intermediate water depths. All, but one glacial stages 
have low values confirming the greatly improved preservation in every of U1436C glacial. At U1437B, 
the range of B/P is at least one order of magnitude smaller than at U1436C (i.e. 0–0.5 vs. 0–5). All, but 
four interglacial samples (MIS17, 9, 5) have a ratio under the average found at U1436C (0.07, or 7 
benthics for 1,000 foraminifers). Nine intervals have an average above the general average of 0.07 
and 6 out of these 9 are interglacials. The highest B/P ratios are found during the earlier part of the 
record MIS19, 11 for U1436C and MIS17 for U1437B. Similarly to the previous proxy (nPF/g), the 
ranges in B/P ratio are very large especially during interglacials.
Number of whole planktonic foraminifers/g (nPF, Figure 5(c)). Site U1436C average nPF is 1,646 
per g, four of seven intervals above this value are glacial stages. More systematically during glacials 
after MIS13, the nPF always increases from one interglacial to the following glacial at the exception 
of MIS9-8. On average interglacial nPF is 1,554/g whereas the glacial value is 2,079/g. U1436C re-
cords a very large range of values from 0/g to 22,945/g. Although, values similar to 0/g could in some 
cases be explained by dilution by volcaniclastic large changes in preservation is the most likely ex-
planation (Figure 5(d)). Another prominent and recurring feature is a systematic high nPF value 
c.10.000/g during an event at each glacial/interglacial termination. Such event is pervasive over the 
last 0.9 Ma and increases after MIS13. At U1437B, the average nPF is less with 695/g and the range 
is smaller between 4/g and 4,393/g. Over the last 1 My, only 4 MIS record values above the average 
and all of them are younger than MIS11. The Holocene records a drop below this average. A nPF 
termination event is also recorded at U1437B. The nPF tend to be poorly contrasted between cli-
matic stages, especially prior to MIS17. U1436C (i.e. the most dissolved of the two sites) presents the 
highest concentrations. Significantly higher in average values (i.e. mostly due to glacial preserva-
tion) than at U1437B pointing to the existence of an additional factor boosting nPF during glacials 
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above the level recorded at U1437B. Local conditions for U1436C slightly northward in cooler and 
nutrients richer waters could explain part of the difference observed.
6. Discussion
U1436C and U1437B recorded a relatively continuous sedimentation in the area near the KC over the 
last 1 My. The higher sedimentation rate at U1437B (12 cm/ky) (Tamura et al., 2015). Schindlbeck 
et al. (2018) over this time interval results from (i) its location on fast accumulating sedimentary 
body and (ii) its lower overall rate of CaCO3 dissolution, which has been assessed using a range of 
proxies. In the contrary, at Hole U1436C the average sedimentation rate is lower (~7 cm/ky) despite, 
based on sedimentary observations (Tamura et al., 2015) experiencing dilution by volcaniclastic 
particles.
Our observations of faunal assemblages indicate that selective dissolution (e.g. disproportionate rep-
resentation of resistant species and decrease in number of species) during interglacials (Figure 3(c) and 
(d)) acted on many planktonic foraminifer assemblages in particular at U1436C (e.g. Figure 6(a)) de-
spite recovered from a shallower water depth than U1437B. Fossils assemblages are therefore in some 
cases extreme distortions of living local assemblages. The quantitative faunal study of U1436C appears 
Figure 5. Coarse fraction-
based carbonate dissolution 
proxies. (a) δ18O reference 
stack of Lisiecki and Raymo 
(2005), with interglacial 
intervals Marine Isotopic 
Stages (MIS) highlighted by 
pink bars and numbered from 
1 to 25 (MIS was omitted for 
clarity); (b) Ratio of whole 
benthic foraminifers over 
whole planktonic foraminifers 
(B/P) at each site (two samples 
are out of the scale >5); (c) 
All concentrations in whole 
planktonic foraminifers/gram 
at each site. On panels b and 
c, the values for site 1436C 
are figured with dark colors 
and 1437B with light ones; 
(d) Planktonic foraminifers 
concentration as a function of 
Benthic/Planktonic ratio for 
each site (empty diamonds 
1437B, filled diamond 1436C), 
average (red diamonds). The 
two samples out of the scale at 
B/P >5 record PF concentration 
c. 1 per gram.
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to yield a taphonomic record rather than a climatic one especially during interglacials. The strong CD 
makes this site less useful for palaeoclimatic reconstructions based on foraminifers including those 
based on trace metals analysis. For U1437B, the quality of the last 1 Ma record is overall good especially 
during glacials (e.g. Figure 6(b)) and only moderately biased by CD during interglacials.
6.1. Dissolution record, carbonate cycles and possible mechanisms
A numbers of CD proxies; based on foraminifer shells, their assemblages and their abundances in the 
coarse fraction were examined. All converge to identify high levels of CD during interglacials. Extreme 
carbonate dissolution is at work at U1436C more intensely than on the western side of the Izu Rise 
at U1437B. Both sites always experienced consistent changes in term of direction. Amongst all inter-
glacials at U1437B, MIS17 is a rather remarkable one being the only during which the average value 
observed for the other site is reached. A preservation event is identified at both sites during glacial 
terminations and is more obvious after MIS17.
At U1436C, which experienced the higher level of CD throughout the last 0.9 My, there is a signifi-
cant change affecting glacials after MIS11 (i.e. they record less dissolution). Interglacials continue to 
be intensively dissolved after MIS11, but they tend to be less so through time. Because this site is 
within the NPIW this can only be explained by a progressive yet major change with respect to car-
bonate chemistry in the global ocean. So, it would seem that the Pacific Ocean became more like the 
Figure 6. Two visual examples 
(×50) of very contrasted 
carbonate preservation styles 
recorded in the sediments 
coarse fraction (>150 micron 
meters). Also used on the 
cover. (a) Extreme case of 
carbonate dissolution at 
1436C 4H2-56 cm found during 
interglacial MIS7 with high 
% planktonic fragments (76), 
high B/P ratio (2), high % of 
tropical-resistant species (36), 
low Species richness (7), low 
PF/gram, (8) and high shell 
weight (17). Also visible on the 
picture, numerous pumices 
and glass shards (mostly dark) 
diluting the biogenic fraction 
and dominating the lithogenic 
fraction; (b) Case of excellent 
carbonate preservation at 
1437B 1H2-15 cm found 
during the last Glacial MIS2 
with very low % planktonic 
fragments (10), very low B/P 
ratio (0.01), low% of tropical-
resistant species (10), high 
species richness (23), high 
PF/gram (3667), and above 
average shell weight (14). Also 
present although less abundant 
than in (a) some light glass 
shards and pumices dominating 
the lithogenic fraction.
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modern Pacific in terms of carbonate cycles after MIS11 (i.e. typical interglacial CD and glacial pres-
ervation). The other known large change after MIS11 is the systematic occurrence of extreme swings 
in glacial and interglacial conditions including coincident large changes in sea-level (i.e. larger ice-
sheets). This potentially indicates a connection between the global carbonate cycle and glacial–in-
terglacial cycles. Similarly to the existence of a link between carbonate cycles and sea-level changes 
proposed by Hodell et al. (2001) as observed in the deep South Atlantic Ocean. At both sites, MIS11 
shows a strong dissolution, a situation known yet poorly explained, at other intermediate water 
depth sites including the Caribbean Sea at ODP Site 999 (Schmidt, Vautravers, & Spero, 2006).
Changes recorded in sediments can illustrate contrasted carbonate saturation level between water 
masses or through time. This study helps to discriminate between two locations at relatively similar 
depths, far from the North Atlantic but where AAWI and NPIW are differentially influential and shows 
that if both sites are much less dissolved during glacials the site influenced by AAIW (U1437) is always 
less dissolved. Since AAIW operates as a conversion of NADW (Pahnke & Zahn, 2005) either changes 
in the input of dissolved carbonate upstream of AAIW during glacials (i.e. North Atlantic) or (and) in-
crease rate of water circulation will be recorded in the area influenced by AAIW. This also would have 
applied to Glacial North Atlantic Intermediate Water (GNIW), which replaced NADW during glacials 
with a higher circulation rate (Freeman, Skinner, Waelbroeck, & Hodell, 2016). This could account for 
the preservation improvements found in glacial sediments at intermediate depths of the Caribbean 
(Schmidt et al., 2006) and North Atlantic (Thiagarajan et al., 2013) and is not antagonist with glacial 
deep Atlantic carbonate cycles (i.e. glacials are more dissolved) (Hodell et al., 2001) in the deepest part 
of the Atlantic. Indeed, in the deepest part of the ocean, AABW forming around Antarctica promotes 
CD during Glacials, whereas renewed or overshooting NADW circulation at glacial termination during 
some short-term glacial events drives enhanced carbonate preservation (Barker, Knorr, Vautravers, 
Diz, & Skinner, 2010). Glacial AABW formed under even more glaciated environment (i.e. more sea ice 
than today) could have accounted for an increased total CO2 and helped explain the dissolution ob-
served in the deepest Atlantic basins during glacials (i.e. contributing to explaining the Atlantic style of 
CaCO3 cycle) as well as the stronger contrast with what is observed at intermediate depths.
The timing of changes (i.e. at the end of the MPT) points to an increasingly larger Laurentide ice-
sheet from glacial MIS16 launching quantities of icebergs into the North Atlantic Ocean, which are 
traced by detrital carbonate rafted in middle latitudes (Hodell et al., 2008) as a potential cause. This, 
somehow, places larger ice-sheets as a potential actor on the carbonate system changes as re-
corded in the intermediate depths of the Pacific Ocean. In the one hand, the evidence of these 
coarse detrital carbonate (IRD) (Hodell et al., 2008), is just a fraction of all the detrital carbonate 
being injected into the ocean during melting events affecting the Laurentide either during deglacia-
tions. In the other hand, evidence for rapid changes in carbonate preservation during each glacial to 
interglacial terminations. The resolution of this study does not permit investigation for similar rapid 
events elsewhere. However, in the area affected by the NPIW (U1436C), it is clear that each deglacia-
tion and re-initiation of the NADW upstream of AAIW would seem to help preserved more carbonate 
in the North Pacific. However, at Site U1437 an even stronger change is visible during each glacials 
after MIS11. Although, outside the scope of this micropaleontological-based study and highly specu-
lative, the addition of dissolved carbonate into the Glacial North Atlantic Water then transferred at 
each termination when NADW restarts its normal operation might explain observations. At U1437B, 
the onset of unusually high dissolution recorded during MIS17 suggests a sudden enhanced influ-
ence of NPIW over that of AAIW at the time. A lesser importance of AAIW during MIS17 has also 
been observed on the other side of the Pacific, off Chile by Martínez-Méndez et al. (2013). Because 
MIS17 has also lower CO2 concentrations (i.e. milder interglacial) (Luthi et al., 2008) the interpreta-
tion that under intermediate interglacial climatic conditions the production of NPIW could be stimu-
lated to become more important than AAIW as observed off Chile seems acceptable (Martínez-Méndez 
et al., 2013). In addition without trying to identify a cause for the low temperature during MIS17, it 
can be hypothesized that since the NPIW is a sink for carbon (i.e. storing some CO2 in the Ocean) 
maybe an increased production of NPIW early in MIS17 would have helped atmospheric CO2 to stay 
unusually low during MIS17. Further speculating, a cold MIS17 by maintaining larger than normal 
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interglacial ice could have led after MIS16 inception to the formation of an extremely large MIS16 
NH ice-sheet, which is recorded by the benthic δ18O (Lisiecki & Raymo, 2005). The later indicating the 
greater changes around the North Atlantic and the sudden larger involvement of the Laurentide ice-
sheet into the northern hemisphere glaciation (Hodell et al., 2008). This study highlights the cool 
MIS17 interglacial as a pivotal moment when the subtropical West North Pacific was more influ-
enced by NPIW and when NADW became more influential in the deep South Atlantic (Poirier & 
Billups, 2014). Either only concomitant or instrumental to higher ventilation at intermediate depth 
the development of a very large northern hemisphere ice-sheet could have somehow contributed to 
the reinforced “Pacific Carbonate Cycles”, which is observed in this study starting from MIS17.
7. Conclusions
Based on a solid stable isotopic stratigraphy Vautravers et al. (2016), Kars et al. (2017), Schindlbeck 
et al. (2018) tied to LR04 Lisiecki and Raymo (2005), both sites appear to record a continuous al-
though inter-bedded with ash sedimentation in the area of the Kuroshio over the last 1 Ma.
Identified by increases in the % of polar–sub-polar fauna during glacial intervals similarly to obser-
vation in the Gulf Stream area at a similar latitude (Vautravers et al., 2004) could trace the occur-
rence of cold events transmitted via the Oyashio cold current in an area normally occupied by the KC.
Two intervals MIS15-MIS13 and MIS5d-MIS1 stand out with unusually high amount of transitional 
species, suggesting that during milder climatic conditions, either moderate glacial or interglacial (i.e. 
MIS3 and MIS13) the transitional water may have greatly expended southward. This situation would 
have led to stronger than modern NPIW production consistent with the observation of increased CD 
especially at U1436C during MIS15-13.
Overall, the changes in the carbonate preservation record are consistent between the two sites. 
However, U1436C is always more affected than U1437B. Three intervals are recognized; prior MIS17, 
MIS17-MIS11, and after MIS11. The changes observed and the timing of onset from MIS16 implies a 
change within the GNAIW and point to either a change in the dissolved carbonate ions content dur-
ing glacials (i.e. in the GNAIW) that could be related to the onset a periodic very large Laurentide 
ice-sheet from MIS16 onwards (Hodell et al., 2008) or to an enhanced rate of ventilation at interme-
diate water depth in the glacial Atlantic compared to modern similarly to what was found by 
Freeman et al. (2016) for the last glacial.
The interglacial MIS17 seems to be a pivotal time with the sudden increase in dissolution at 
U1437B signaling enhanced influence of NPIW. This change could have been driven by the enhanced 
production of NADW, which has been reported starting during this interglacial by Poirier and Billups 
(2014). An increased production of NPIW during the cool MIS17 could have helped store more CO2 
out of the atmosphere explaining relatively low CO2 concentration (Luthi et al., 2008). This in turn 
could have triggered further extreme cooling during the next glacial (MIS16) explaining the steep 
change in ice volume at the time (i.e. the end of MPT).
From the next glacial MIS16 onwards, the Laurentide ice-sheet became larger and detrital carbon-
ate (i.e. IRD) were first recorded (Hodell et al., 2008) in the middle latitude of the North Atlantic. 
Either only concomitant or instrumental to intermediate depth circulation globally the development 
of a very large NH ice-sheet could be seen as positive feedback on the “Pacific Carbonate Cycles”.
Supplementary material
Data were obtained as part of a NERC–IODP moratorium 
grant and are also accessible on www.figshare.com. Table 
1: Data for U1436C, Table 2: Data for 1437B.
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